It has been previously demonstrated that the expression of an activated rasD gene in wild-type Dictyostelium cells results in formation of aggregates with multitips, instead of the normal single tips, and a block in further development. In an attempt to better understand the role of activated RasD development, we examined cell-type-specific gene expression in a strain stably expressing high levels of RasD[G12T]. We found that the expression of prestalk cell-specific genes ecmA and tagB was markedly enhanced, whereas the expression of the prespore cell-specific gene cotC was reduced to very low levels. When the fate of cells in the multitipped aggregate was monitored with an ecmA/lacZ fusion, it appeared that most of the cells eventually adopted prestalk gene expression characteristics. When mixtures of the [G12T]rasD cells and Ax3 cells were induced to differentiate, chimeric pseudoplasmodia were not formed. Thus, although the [G12T]rasD transformant had a marked propensity to form prestalk cells, it could not supply the prestalk cell population when mixed with wild-type cells. Both stalk and spore cell formation occurred in low cell density monolayers of the [G12T]rasD strain, suggesting that at least part of the inhibition of stalk and spore formation during multicellular development involved inhibitory cell interactions within the cell mass. Models for the possible role of rasD in development are discussed.
INTRODUCTION
ras genes have been found in all eukaryotic organisms thus far examined and their encoded products are highly conserved small monomeric G-proteins that regulate signal transduction pathways by cycling between an inactive GDP bound form and an active GTP bound form. In growing mammalian cell lines, Ras proteins are components of pathways that transduce growth factor signals from the cell surface to the nucleus (Hall, 1994; McCormick, 1994) . A variety of single point mutations result in Ras proteins that constitutively bind GTP and are, therefore, active in the absence of a stimulus. The expression of these activated proteins in mammalian cells contributes to malignant transformation (McCormick, 1994) . In addition to their well-documented role in regulating cell growth, Ras proteins have also been implicated in development in Drosophila (Simon et al., 1991) , Caeno-I Corresponding author. rhabditis elegans (Han and Sternberg, 1990) , and Dictyostelium discoideum (Reymond et al., 1986) .
During the proliferative phase, Dictyostelium is a free-living single-cell amoebae, and a multicellular developmental program is initiated by starvation (Bonner, 1947) . Starving amoeboid cells are chemotactically attracted to one another to form an aggregate that eventually produces a single tip that then elongates to form a migrating slug or pseudoplasmodia. Within the cell mass, differentiation occurs to produce two distinct cell types, prestalk and prespore. After approximately 24 h, a mature fruiting body, consisting of a stalk supporting a mass of spores above the substratum, is formed. Prestalk and prespore cell-specific gene expression commences during late aggregation, and at the slug stage, prestalk expression occurs in the anterior and prespore expression in the posterior of the slug (Williams, 1991) .
Dictyostelium contains several highly related ras genes (Reymond et al., 1984; Robbins et al., 1989; Daniel et al., 1993a,b) and one of them, rasD, is ex-pressed predominantly during development (Reymond et al., 1984; Esch and Firtel, 1991) . rasD mRNA is first detected during late aggregation and by the slug stage the mRNA is enriched in the prestalk cell population (Reymond et al., 1984; Jermyn et al., 1987) . Examination of lacZ expression from the rasD promoter during development has revealed that the gene is expressed in both prestalk and prespore cells during aggregation (jermyn ) and that expression then becomes limited to the prestalk region during slug migration (Esch and Firtel, 1991; Jermyn and Williams, 1995) . Although overexpression of wild-type rasD in Ax3 cells does not change the developmental phenotype, overexpression of a rasD gene containing an activating position 12 mutation (G12T) results in cells that develop normally up to the aggregation stage but then generate several tips and differentiate no further (Reymond et al., 1986; Louis et al., 1995) . Chemotaxis is slightly impaired in the transformant (Van Haastert et al., 1987) , and there is an increased desensitization in the guanylate cyclase response to pulses of cyclic AMP and abnormal changes in phosphatidylinositol levels (Reymond et al., 1986; Europe-Finner et al., 1988; Van Der Kaay et al., 1990 ).
Cell-type-specific gene expression was examined previously in the [G12T]rasD strain, but no differences were observed relative to wild-type cells (Reymond et al., 1986) . However, since prestalk cells accumulate at the tip (Early et al., 1995) , and since the [G12TIrasD strain produces several tips, it is possible that the transformant does exhibit an enhanced level of prestalk cell formation that has not been detected previously. Alternatively, it is possible that the transformant has the same number of prestalk cells but that these are distributed to several tips. We have re-examined cell-type-specific gene expression in the transformant and our results indicate that the overexpression of RasD[G12T] results in a major change in cell fate decisions.
MATERIALS AND METHODS Growth and Development of Cells D. discoideum Ax3 was grown in axenic HL5 medium (Watts and Ashworth, 1970) and cell numbers were determined by hemocytometer counts. A strain of Ax3, transformed with the rasD gene containing a G12T mutation (Reymond et al., 1986) (Bonner, 1947) .
The number of viable spores formed during differentiation was determined by harvesting cells from each filter in 5 ml of Bonner's salt solution containing 1% Triton X-100, since spores are the only cells resistant to detergent treatment. The resistant spores were then plated on bacterial lawns and the number of plaques that were produced were counted.
DNA-mediated Cotransformation of Dictyostelium and Isolation of Transformants
Ml was originally selected by resistance to G418. To select Ml transformants containing pEcmANeoGal (Jermyn and Williams, 1995) or pActl5Gal (Dingermann et al., 1989) , the hygromycinresistance gene in the extrachromosomal vector pDE109 (Egelhoff et al., 1989 ) was used as a secondary selection system. pEcmANeoGal contains the entire prestalk-specific ecmA promoter fused in-frame to the lacZ gene, while the vector pActl5Gal consists of the constitutive actin 15 promoter driving the lacZ gene. Approximately 1 x 107 Ml cells in Bis-Tris HL5 (Egelhoff et al., 1989) were cotransformed with 15 ,ug of pEcmANeoGal (or pActl5Gal) and 15 ,ug of pDE109 using the calcium phosphate DNA precipitation transformation procedure (Nellen et al., 1984) . DNA uptake was allowed to proceed for approximately 5 h and then cells were subjected to 15% glycerol for 5 min, as described (Early and Williams, 1987) . Transformants were selected at 20 ,tg/ml G418 and 30 ,ug/ml hygromycin (Calbiochem, San Diego, CA) . This concentration of hygromycin was selected since it allowed no survival of Ml cells in preliminary experiments.
Colonies became visible after about 10 days. Individual clones were picked and maintained in 24-well microtiter plates in HL5 containing both G418 and hygromycin. When the isolates reached confluency, they were harvested, grown on bacterial lawns, and initially screened with a 3-galactosidase colony lift assay (Buhl et al., 1993) . Clones that stained blue in the assay and still maintained the multitipped aggregate phenotype were picked and grown in HL5 medium containing G418 and hygromycin in 100-mm tissue culture plates. When cells had reached confluency on plates, they were transferred into HL5 medium and grown in shake suspension.
13-Galactosidase Staining
Exponentially grown cells were plated on Millipore filters to induce differentiation and after various times in development, the cell mass was fixed in Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,2 mM MgCl2) containing 1% glutaldehyde for 10 min. After washing twice in Z buffer, the cells were incubated ovemight in staining solution (0.1% 5-bromo-4-chloro-3-indolyl 13-D-galactoside, 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide in Z buffer) at 37°C (Dingermann et al., 1989) , and the stained cell masses were photographed.
Southern Blot Analysis
Genomic DNA was isolated from Ax3, Ml, and three independent revertants (MR1-3) using the procedures in the Qiagen Blood and Cell Culture DNA mini kit (catalogue number 13323, Qiagen, Chatsworth, CA). Approximately 4 jig of genomic DNA was digested with ClaI and HindIII to excise the rasD[G12T] gene (Reymond et al., 1986) . The digest was size fractionated on a 0.75% agarose gel and then transferred to nitrocellulose (Maniatis et al., 1982) . The filter was probed at 42'C for 16 h with an [a-32P]dCTP random labeled (Feinberg and Vogelstein, 1983) 400-bp fragment of the rasD cDNA that was obtained by digesting a rasD cDNA that had been subcloned into pTZ18U with PstI, washed under low-stringency conditions (2x SSC, 0.1% SDS at room temperature, where lx SSC is 0.15 M NaCl and 0.015 M sodium citrate), and then washed under high-stringency conditions (0.1 X SSC, 0.1% SDS, at 600C). The Southern blot was exposed to x-ray film for appropriate times to detect the hybridized probe.
Molecular Biology of the Cell RNA Isolation and Northern Blot Analysis Total RNA was extracted by using the guanidium isothiocyanate method (Chomczynki and Sacchi, 1987) . RNA (20 jig), resuspended in 50% formamide, 40 mM 3-(N-morpholino)propanesulfonic acid (pH 7.0), 10 mM sodium acetate, 1 mM EDTA, 6% formaldehyde, was size fractionated on 1.25% formaldehyde-agarose gels and transferred onto nitrocellulose membranes. Specific cDNAs, encoding various genes (ecmA, tagB, and cotC), were radiolabeled by the random primer method using [a32P]dCTP (Feinberg and Vogelstein, 1983 ) and hybridized to the nitrocellulose filters. All filters were washed first with 2x SSC, 0.1% SDS at room temperature, then with 0.5x SSC, 0.1% SDS at 600C and exposed to x-ray film.
Protein Isolation and Western Blot Analysis
Approximately 5 x 107 washed cells were lysed by resuspension in 1 % SDS and mixed with an equal volume of 2 x sample buffer (0.5% 2-mercapoethanol, 0.5% SDS, 50 mM Tris, pH 6.8, 12.5% glycerol, 0.04% bromphenol blue). The samples were boiled for 3 min and then subjected to SDS-PAGE. The separated proteins were transferred onto nitrocellulose membranes (Towbin et al., 1979) , and the anti-Ras specific monoclonal antibody Y13 259 (Furth et al., 1982) was used to detect RasD (Daniel et al., 1993b) . Western blots were blocked with TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing 1% Tween 20 and 5% nonfat dry milk for at least 1 h at room temperature. After filters were washed, they were incubated with the Y13 259 antibody (1:1000 dilution) in TBS containing 1% nonfat dry milk for 1 h at room temperature. The bound Y13 259 antibody was detected by incubating blots with a secondary conjugated sheep anti-rat antibody (1:10,000 dilution) in TBS containing 1% nonfat dry milk for 1 h at room temperature. The bound secondary antibody was later detected using enhanced chemiluminescence (Amersham, Oakville, Ontario, Canada).
Development in Cell Monolayers
To induce stalk cell formation in monolayers, cells were washed in 20 mM KH2PO4/K2HPO4, pH 6.0 (KK2), and plated at a density of 104 cells/cm2 onto Nunc tissue culture plates (Life Technologies, Burlington, Ontario, Canada) containing stalk medium 110 mM 2-(N-morpholino)ethanesulfonic acid, pH 6.0, 2 mM NaCl, 10 mM KCl, 1 mM CaCl2, 100 ,ug/ml ampicillin] supplemented with 5 mM cAMP (Harwood et al., 1995) . After 20 h, the medium was removed and the cell monolayer was rinsed three times with stalk medium. Fresh stalk medium supplemented with either 100 nM differentiation-inducing factor (DIF; Molecular Probes, Eugene, OR) alone or 100 nM DIF plus 5 mM cAMP was added and the number of stalk cells that formed after another 24 h were counted by using phase microscopy (Harwood et al., 1995) . Cells that had more than 50% of their area vacoulated were scored as stalk cells.
To induce spore formation in monolayers, cells were washed in KK2 buffer and plated at a density of 104 cells/cm2 onto tissue culture plates (Nunc) containing spore medium [10 mM 2-(N-morpholino)ethanesulfonic acid, 20 mM NaCl, 20 mM KCl, 1 mM MgCl2 1 mM CaCl2, 100 ,ug/ml ampicillin] supplemented with 10 mM 8-bromo-cAMP (8-Br-cAMP; Kay, 1989) . The number of spores that formed were counted after 48 h (Harwood et al., 1995) .
Gene Expression in Cell Suspension
The induction of cotC gene expression in shake suspension was carried out as described (Kay, 1989; Harwood et al., 1995) A number of prestalk and prespore cell-specific genes whose expression is induced at specific times during development in Dictyostelium have been characterized. To further establish the effects of RasD[G12T] on the development of Ml, some of these genes were used as probes in Northern blot analyses of RNA isolated at various times of development. The first gene examined was the prestalk cell-specific gene ecmA (jermyn and Williams, 1991) , whose expression is induced by cAMP and DIF. In Ax3 cells, ecmA mRNA was first detected at 10 h of development and levels gradually increased to a maximum at 18 h, before declining during the later stages of development ( Figure 1A ). The induction of ecmA expression occurred later in Ml cells at 12 h, but there was a large increase in expression relative to that for Ax3 and mRNA levels continued to increase with time ( Figure   1B , upper arrow). Some cross-hybridization to the closely related ecmB mRNA occurred with the ecmA probe, revealing that ecmB gene expression was also enhanced in the Ml strain ( Figure 1B, lower arrow) .
A second highly specific prestalk gene, tagB, whose expression is DIF independent (Shaulsky et al., 1995 (Shaulsky et al., , 1996 , was examined during the development of Ax3 Ax3 and Ml cells were harvested at indicated times (hours) and RNA was prepared for Northern blots. Northern blots were hybridized sequentially with probes specific for the prestalk cell-specific genes ecmA and tagB or the prespore cell-specific gene cotC. The panels show Ax3 RNA probed with ecmA (A), tagB (C), and cotC (E) and Ml RNA probed with ecmA (B), tagB (D), and cotC (F). Each of the specific mRNAs are indicated by arrows. (A and B) Upper arrow, ecmA mRNA; lower arrow, ecmB mRNA that cross-hybridizes with the ecmA probe. The blot of cotC mRNA from Ax3 (E) was exposed for 4 h to x-ray film while that for cotC from Ml (F) was exposed for 20 h. opment and levels increased to a maximum at 14 h before declining during subsequent development (Figure lC) . tagB expression was not observed until 10 h after the initiation of development in Ml and expression was elevated compared with Ax3 ( Figure ID ). In addition, there was no subsequent decline once maximum levels had been reached ( Figure 1D ). These results indicated that prestalk cell-specific gene expression was enhanced in the multitipped aggregates despite the absence of stalk cell formation, suggesting a block in the conversion of prestalk cells to stalk cells. In addition, since both DIF-inducible and -noninducible prestalk cell-specific genes were dramatically enhanced in the Ml strain, the deregulation of prestalk gene expression was clearly not dependent on DIF.
Prespore cell-specific gene expression was examined using cotC (Fosnaugh and Loomis, 1989) as an example of this class of genes ( Figure 1, E and F) . In Ax3 cells, cotC mRNA was induced at 12 h after the onset of development and maximal expression occurred between 14 and 18 h (Figure lE) . By 22 h, cotC mRNA levels had declined. In contrast to prestalk-specific gene expression, the expression of cotC was dramatically reduced in Ml, and cotC mRNA could only be detected after prolonged exposure of the x-ray film (Figure iF) . This low level of cotC expression indicated that the block to spore cell formation in Ml cells occurred at or before the prespore cell stage of development.
It had been shown previously that isolates of the [Gl2T]rasD strain, selected by growth at a high concentration of G418, expressed higher levels of RasD[Gl2T] and terminated development at the mound stage, but cell-type-specific gene expression was not determined (Luderus et al., 1992) . The developmental morphology of this isolate is similar to that of a number of recently isolated mound mutants that showed either reduced prestalk or prespore cell-typespecific gene expression or reduced expression of both (Carrin et al., 1996) . Since the gene expression phenotype of these mutants is somewhat different than that for Ml, we examined cell-type-specific gene expression in a transformant containing a higher level of RasD[Gl2T]. Strain Ml was grown in high concentrations of G418 (80 ,ug/ml) and a number of clones were isolated that were blocked at the mound stage of differentiation. One of these isolates, M2, produced a higher level of RasD[Gl2T] protein than Ml (Figure 2,  lanes 1 and 2) . Cell-type-specific gene expression was examined during M2 development and defects were observed that were identical to those obtained for Ml, i.e., enhanced prestalk cell-specific gene expression and repressed prespore cell-specific gene expression (our unpublished observations). Since both prestalk and prespore cell-type-specific gene expression was altered markedly in M2, RasD[Gl2T] induced a defect in pattern regulation, which was distinct from the cell-type-specific gene expression defects described for the other mound mutants (Carrin et al., 1996) .
Spatial Expression of ecmA The increase in prestalk cell-specific gene expression in strain Ml could result from two possibilities. First, the number of prestalk cells within the aggregate might be no different than the number in the parental Ax3 strain; however, prestalk cell-specific gene expression per cell might have increased. Second, since cotC mRNA expression was negligible, the increased expression of ecmA might have been due to an increase in the number of cells expressing ecmA. To distinguish between these two possibilities, pEcmANeoGal, an
ecmA/lacZ vector containing the lacZ gene under the control of the ecmA promoter, was transformed into the Ml strain. One of the resulting M1::ecmA/lacZ transformants that still exhibited the multitipped aggregate phenotype was then allowed to develop on nitrocellulose and stained with 5-bromo-4-chloro-3-indolyl P3-D-galactoside at various times after aggregate formation. As shown in Figure 3C , blue staining cells were found in the tips at 12 h. Upon continued incubation, more cells became stained, until eventually the whole aggregate was blue (Figure 3, D and E ). This pattern is very different from the well-established pattern for ecmA localization seen in wild-type cells Loomis, 1993) , which shows ecmA staining only localized in the tip of the aggregate. Microscopic examination of disaggregated multitipped structures confirmed that with time gradually more cells in the population were stained. There was an increase in stained cells from 15% at 12 h of development to 60% at 22 h of development. This analysis confirmed that the elevated level of prestalk cell-specific gene expression in Ml was due to increased numbers of prestalk-specific cells within the multitipped aggregate. The staining pattern of a second M1::ecmA/lacZ transformant was found to be similar. A few clones were isolated, from among the Ml::ecmA/lacZ transformants, that had single-tipped aggregates and normally proportioned fruiting bodies, although both were somewhat smaller than those of the parental Ax3. When these clones were stained and analyzed for ecmA/lacZ expression, only the single tips of the aggregates and the front of the slugs were stained (Figure 3, A and B) . The pattern is similar to that already characterized for wild-type cells Loomis, 1993) . When slugs were disaggregated and examined microscopically, only 15% of the population were found to be stained. These results indicated that pattern formation had reverted to normal and the strains were designated Ml revertant (MR). (Figure 2, compare  lanes 3 and 1) , to a value similar to that for Ax3 cells (our unpublished observations). All of the MRs formed high levels of viable spores, indicating that the spore cell pathway of differentiation had been restored. These results indicated that there is a threshold level of RasD[Gl2T] protein that was required to cause the multitipped aggregate developmental phenotype. Reymond et al. (1986) also showed that the expression of lower levels of RasD[G12T] protein caused reversion to wild-type characteristics.
Pattern Regulation in Mixtures of Ml and WildType Cells
In view of the fact that cell-cell interactions are known to be important during Dictyostelium development, it was possible that the defect in Ml development might be rescued by inducing differentiation in the presence of wild-type cells. To identify the Ml cells in the mixtures, they were transformed with pActGal, a vector expressing lacZ under the control of the constitutive actin 15 promoter. When mixtures of these lacZexpressing Ml cells and Ax3 cells (in a ratio of 1:4) were allowed to develop, the Ml cells were found at the outer periphery of the aggregates (Figure 5b (Figure 5a ). This result indicates that the presence of an excess of the mutant strain prevented the wild-type cells from continuing along their developmental program. Whether this was due simply to a physical barrier function of the Ml cells or to the release of an inhibitory cell signal is presently unclear.
Stalk Cell Formation in Monolayers Although Ml formed large numbers of prestalk cells (Figure 3) , no stalk cells were detectable, suggesting that the conversion of prestalk cells to mature stalk cells was disrupted within the multitipped aggregates. The stalk cell differentiation pathway can be mimicked by using low-density monolayer conditions that allow stalk cell formation in the absence of cell-cell interactions. We found that Ml cells could form stalk cells when incubated in monolayers, although the number of stalk cells formed was approximately 10-fold lower than that for Ax3 (Table 1) . The low level of stalk cell formation in monolayers indicates that Ml cells exhibit a cell autonomous defect. However, the 7% stalk cell formation in monolayers represents a large increase over the level of stalk cell formation observed during multicellular development, indicating that the defect induced by RasD[G12T] that inhibits stalk cell formation also involves cell-cell interaction. The dramatic alteration in prestalk and prespore gene expression in Ml resembled that observed recently for cells lacking the gene encoding for glycogen synthase kinase 3 (GSK3; Harwood et al., 1995) . During the development of this gsk3 null cell line, expression of one the prestalk cell-specific genes is enhanced and prespore cell-specific gene expression is reduced. One of the distinguishing characteristics of the gsk3 null cells is that they are able to form appreciable numbers of stalk cells when incubated in monolayers in the continued presence of cyclic AMP, an inhibitor of stalk cell formation for wild-type cells under these conditions (Harwood et al., 1995) . On the basis of these results, it has been proposed that the gsk3 null mutation deregulates stalk cell differentiation pathway. Since it was possible that RasD[G12T] might affect GSK3 activity, we determined the effects of the continued presence of cAMP on stalk cell formation in monolayers of Ml cells. The data in Table 1 show that stalk cell formation by Ml was completely inhibited in the presence of cAMP, a result identical to that for Ax3 and quite different to that observed earlier for the gsk3 null strain. Thus, the defect induced by RasD[G12T] is likely very different from that induced by the removal of GSK3 activity.
Spore Formation in Monolayers
Wild-type cells are capable of forming spore cells when incubated in low cell density monolayers in the presence of 8-Br-cAMP (Maeda, 1988; Kay, 1989) . Spore cell formation by Ml in low cell density monolayers was, therefore, assessed to determine whether the block to spore cell formation that occurs during multicellular development could be bypassed by incubation in the absence of cell-cell contact. The data in Table 1 show that Ml cells formed spores at about one-third the efficiency of wild-type cells and that 8-Br-cAMP was essential for spore cell formation under these conditions. Although the level of spore cell formation by Ml was lower than that for Ax3 (Table 1) , it was far above the level seen during the multicellular development of Ml, indicating that the block to spore formation was partially relieved when cells were incubated in the absence of cell contact. These results suggest that cell-cell interaction during multicellular development was partially responsible for the inhibition of spore cell formation. Again, since the inhibition was not totally relieved, part of the inhibitory effect was cell autonomous. Vol. 8, February 1997 cotC Expression in Cell Suspensions The requirements for the regulation of cotC expression have been recently characterized (Hopper et al., 1995) . cotC expression does not occur in cells that have a defective cAMP-dependent protein kinase A (PKA) (Hopper et al., 1993) , suggesting a requirement for PKA. However, when cells expressing a constitutive form of PKA are incubated in suspension, they still require externally applied cAMP for maximum cotC expression (Hopper et al., 1995) . These results suggest that cotC expression requires both a PKA-dependent and a PKA-independent pathway, since the activation of only one of these pathways is insufficient for complete induction of cotC (Hopper et al., 1995) . Since cotC expression is reduced, we tested whether either of these pathways was defective in Ml by adapting the approach of Hopper et al. (1995) . The 12-h aggregates of Ml were disrupted and the resuspended cells were incubated with either cAMP or 8-Br-cAMP alone or with a combination of the two cyclic nucleotides. Cells were harvested from suspension and cotC gene expression was tested by Northern blot analysis ( Figure  6 ). The level of cotC mRNA present in 12-h undisrupted aggregates of Ax3 is shown as a control in Figure 6A (lane 1). As reported by Hopper et al. (1995) , we found that the levels of cotC remained high when Ax3 aggregates were disrupted and resuspended in buffer containing cAMP and 8-Br-cAMP produced the same effect as cAMP (our unpublished observations). Only very low levels of cotC mRNA were present in 12-h undisrupted aggregates of Ml cells ( Figure 6 , lane 2), in agreement with the data in Figure 1F . An increase in expression was observed in Ml cell suspensions incubated in the presence of cAMP or 8-BrcAMP ( Figure 6 , lanes 3 and 4), although these levels were considerably lower than those for the Ax3 control. The combination of the two nucleotides ( Figure 6 obtained with each of the nucleotides alone ( Figure 6 , lanes 3 and 4). Whereas a strong induction of cotC expression in response to cyclic nucleotides could have implicated a defect in either the PKA-dependent or PKA-independent pathways, the low stimulation under all three sets of conditions does not permit us to distinguish where the block in cotC expression occurred. However, the data do allow us to conclude that the defect in cotC expression is not solely upstream of PKA.
DISCUSSION
High-level expression of the Dictyostelium rasD gene containing an activating G12T mutation had been shown to have pronounced consequences on the developmental process (Reymond et al., 1986; Luderus et al., 1992) . Development on nitrocellulose filters or nonnutrient agar plates appeared normal up to the aggregate stage, but subsequent development was severely deranged. Normally aggregates construct a single tip, which elongates to form the pseudoplasmodium or slug. In contrast, the [G12T]rasD strain produced several tips that did not go on to form slugs and development did not proceed beyond this multitipped aggregate stage (Reymond et al., 1986) . In this study, we have shown that overexpression of activated RasD[G12T] also caused a dramatic change in the regulation of the cell-type-specific gene expression, with prestalk cell genes greatly stimulated and prespore specific genes repressed. In the original description of the [Gl2T]rasD strain (Reymond et al., 1986) , it was reported that prestalk and prespore gene expression was normal, but the genes used were probably not as cell type specific as the ones used in the present study.
Evidence that directly links the aberrant cell-typespecific gene regulation of the [G12T]rasD strain to the overexpression of RasD[G12T] protein has been provided in this study. We obtained revertants of strain Ml that expressed lower levels of the rasD[G12T] gene ( Figure 4) and RasD[G12T] protein (Figure 2 ). These MR strains formed both stalk and spore cells in normal fruiting bodies and the distribution of prestalk cells during development confirmed that pattern regulation had returned to normal (Figure 3, A and B) . These results indicated that there was that a correlation between the levels of rasD[G12T] transgene and cell-type-specific regulation.
Since rasD is expressed in the majority of aggregation stage cells (Jermyn and Williams, 1995) (Harwood et al., 1995) differs from the pattern defect in Ml cells in several ways. First, both ecmA and ecmB expression were considerably enhanced in the Ml and M2 strains, whereas in the gsk3 null cells, ecmB expression is stimulated but ecmA expression is unchanged. Second, the developmental phenotypes are different in that the gsk3 null cells produce abnormal terminal structures that contain terminally differentiated stalk cells but relatively few spores. In contrast, Ml formed a multitipped aggregate and M2 formed a mound with no discernible tips, and neither structure contained fully differentiated stalk cells. Finally, the two strains act differently during monolayer differentiation. Stalk cell formation is not suppressed by cAMP in monolayers of the gsk3 null cells (Harwood et al., 1995) but was suppressed in monolayers of Ml. Moreover, spore cell formation occurred in monolayers of Ml in response to 8-BrcAMP but did not occur in monolayers of the gsk3 null strain under identical conditions. These results suggest that the defect in patterning in the Ml strain occurs earlier during development than the patterning defect in the gsk3 null cells.
The genes car2 and car4 encode cAMP receptors that are expressed during late development at significantly greater levels in prestalk cells than in prespore cells (Saxe et al., 1993 (Saxe et al., , 1996 Louis et al., 1994) . car2 and car4 null cells exhibit abnormal patterning with prespore gene expression enhanced and prestalk cell gene expression repressed (Saxe et al., 1993; Louis et al., 1994) .
Since the gene expression phenotype of the car2 and car4 null cells is the opposite of that of the Ml strain, it is possible that RasD acts downstream of Car2 and Car4 in a pathway that regulates cell fate. Thus, the down-regulation of this pathway would be expected to favor prespore cell gene expression and the upregulation would favor prestalk cell gene expression. It has been suggested that the enhanced prespore cell gene expression in the car4 null cells might be due to the fact that a Car4-mediated prestalk cell signal produces a lateral inhibition of prespore cell-specific gene expression (Louis et al., 1994) . If RasD normally acts downstream in the signal transduction pathway that involves either Car2 or Car4, overexpression of an activated RasD protein might stimulate this signaling pathway, enhancing lateral inhibition of prespore cellspecific gene expression.
